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Investigating the proteome of intracellular pathogens is
often hampered by inadequate methodologies to purify
the pathogen free of host cell material. This has also
precluded direct proteome analysis of the intracellular,
amastigote form of Leishmania spp., protozoan parasites
that cause a spectrum of diseases that affect some 12
million patients worldwide. Here a method is presented
that combines classic, isopycnic density centrifugation
with fluorescent particle sorting for purification by ex-
ploiting transgenic, fluorescent parasites to allow direct
proteome analysis of the purified organisms. By this ap-
proach the proteome of intracellular Leishmania mexi-
cana amastigotes was compared with that of extracellular
promastigotes that are transmitted by insect vectors. In
total, 509 different proteins were identified by mass spec-
trometry and database search. This number corresponds
to �6% of gene products predicted from the reference
genome of Leishmania major. Intracellular amastigotes
synthesized significantly more proteins with basic pI and
showed a greater abundance of enzymes of fatty acid
catabolism, which may reflect their living in acidic habi-
tats and metabolic adaptation to nutrient availability, re-
spectively. Bioinformatics analyses of the genes corre-
sponding to the protein data sets produced clear
evidence for skewed codon usage and translational bias
in these organisms. Moreover analysis of the subset of
genes whose products were more abundant in amastig-
otes revealed characteristic sequence motifs in 3�-un-
translated regions that have been linked to translational
control elements. This suggests that proteome data sets
may be used to identify regulatory elements in mRNAs.
Last but not least, at 6% coverage the proteome identified
all vaccine antigens tested to date. Thus, the present data
set provides a valuable resource for selection of candi-

date vaccine antigens. Molecular & Cellular Proteomics
7:1688–1701, 2008.

Leishmania spp. are unicellular parasites of the trypanoso-
matid family and the causative agents of a spectrum of dis-
eases, the leishmaniases, that affect some 12 million people
worldwide (1). They oscillate between free living, flagellated
promastigotes transmitted by blood sucking insect vectors
and intracellular, non-flagellated amastigotes. These dwell in
vacuoles akin to late endosomes/early lysosomes primarily in
phagocytic cells of vertebrate hosts (2). This life cycle brings
about dramatic morphological and molecular changes pro-
voked by, and evolved to cope with, the change in habitat (3).
Comprehensive molecular analysis of these changes in
amastigotes may reveal targets for drug development and
vaccine design, but our current understanding remains very
rudimentary.

The 32.8-Mbp genome sequence of Leishmania major was
completed in 2005 and predicts �8300 ORFs organized in
133 polycistronic units of directional gene clusters spread
over 36 chromosomes (4) (GeneDB). Other species are being
sequenced, and data suggest a very high degree of conser-
vation and synteny of polycistronic units throughout the ge-
nus (5) (GeneDB). This information allowed the adaptation of
highly processive methods such as microarray analyses (6, 7)
to compare life cycle forms also of unsequenced Leishmania
spp. (8, 9). However, trypanosomatids transcribe almost their
entire genome constitutively and regulate gene expression
mostly post-transcriptionally and at the translational level.
Because of the latter and because the relationship between
mRNA and protein levels may not always be proportional,
there is very limited analytical power in transcriptional profiles
of the response to changes in habitat unlike e.g. in malaria
parasites (10). For this reason, cataloguing molecular changes
when Leishmania transforms from promastigotes to amastig-
otes has been pursued by proteomics (11–17).

A major handicap for proteome studies has been contam-
ination of amastigotes with host cell material, which prevents
direct proteome analysis. Amastigote-like forms can be grown
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host cell-free under conditions of low pH and higher temper-
ature (22) that mimic the intracellular habitat, and these have
been used as a substitute for the intracellular forms (13, 14,
17–19). However, these axenic amastigotes can only be
grown from a few species, and although they display a num-
ber of biochemical markers of the intracellular stage (3), they
fail to synthesize some major products of true amastigotes,
e.g. the secreted amastigote-specific proteophosphoglycan
in the case of Leishmania mexicana. Furthermore recent ge-
nome-wide mRNA profiling suggests that axenic amastigotes
are more closely related to promastigotes than to ex vivo
isolated amastigotes (8). Thus, current data sets on amastig-
ote proteomes likely underestimate differences and could
miss important changes. Overcoming the technical hurdles to
intracellular parasite purification therefore seems crucial.

Here we report a novel purification protocol based on flu-
orescent parasites and fluorescent particle sorting to isolate
amastigotes from their intracellular habitat in sufficient quan-
tity and purity for direct proteome analysis. We applied this
protocol to investigate the proteome of L. mexicana amastig-
otes and compared it with that of promastigotes. In total, 509
proteins (�6% of predicted ORFs) were identified, and 34
were more abundant in amastigotes. Bioinformatics analysis
of these data sets revealed a number of general characteris-
tics of the parasite proteome and yielded novel insight into the
biology of the parasite.

EXPERIMENTAL PROCEDURES

Growth and Differentiation of L. mexicana—L. mexicana mexicana
(MNYC/BZ/62/M379) expressing DsRed (20) were maintained in se-
lective medium as described previously (21). Amastigotes were ob-
tained and maintained in Schneider’s Drosophila medium (22) sup-
plemented with 20 �g/ml hygromycin B (Roche Applied Science). For
proteome analyses, promastigotes were harvested in late logarithmic
phase at a cell density of 6–7 � 107 parasites/ml.

Infection of Mice and Bone Marrow-derived Macrophages—All an-
imal experiments were approved by an ethics committee and licensed
by the legal authority. BALB/c and C57BL/6 mice were purchased
from Charles River, Sulzfeld, Germany and maintained in a conven-
tional animal facility. Mice were infected with stationary phase pro-
mastigotes at the base of the tail where lesions developed. Mice with
lesions were killed by cervical dislocation, and lesion tissue was
excised for parasite isolation.

Macrophages were differentiated from bone marrow of 6–8-week-
old female mice as described previously (23) and infected with single
cell axenic amastigotes at a multiplicity of infection of 7–10. Infected
cells were incubated for 24 h at 34 °C and 5% CO2 before harvesting.

Processing of Promastigotes and Isolation of Amastigotes from
Infected Bone Marrow-derived Macrophages or Lesions—Promastig-
otes in late logarithmic growth phase were harvested by centrifuga-
tion and processed according to Ref. 14. Briefly 2 � 108 parasites
were washed once with PBS (Invitrogen, 14190-094) and three times
with Tris/sucrose buffer (10 mM Tris-HCl, pH 7.4, 0.25 M sucrose).
Parasites were resuspended in incomplete lysis buffer (2% N-decyl-
N,N-dimethyl-3-ammonio-1-propanesulfonate (SB3–10; Calbio-
chem), 2% CHAPS, 7 M urea, 2 M thiourea, 100 �g/ml leupeptin, 500
�g/ml Pefabloc (Roche Applied Science), 25 �l/ml Pefabloc protector
(Roche Applied Science), 68.5 ng/ml pepstatin A, 174.2 �g/ml PMSF,
1 mM 1,10-phenanthroline, 1 mM each EDTA/EGTA, 25 �g/ml N-[N-

(l-3-trans-carboxirane-2-carbonyl)-L-leucyl]-agmatine (E-64; Roche
Applied Science); shock frozen in liquid nitrogen; and stored at
�80 °C until 2-DE1 analysis.

Infected bone marrow-derived macrophages were abraded in ho-
mogenization buffer (20 mM HEPES-KOH, pH 7.3, 0.25 M sucrose
supplemented with “Complete Mini” (Roche Applied Science)). Cells
were lysed by shear force in 1-ml portions of homogenization buffer
using a 1-ml syringe fitted with a 26-gauge needle. Nuclei were
pelleted for 2 min at 100 � g, and supernatants were loaded onto
discontinuous sucrose gradients of 3 ml each: 60, 40, and 20% (w/w)
sucrose in HEPES saline (30 mM HEPES-KOH, pH 7.3, 0.1 M NaCl, 0.5
mM CaCl2, 0.5 mM MgCl2) (24). Gradients were centrifuged for 25 min
at 700 � g. Parasites were harvested from the 40/60% interphase,
diluted in PBS, and centrifuged for 10 min at 1200 � g.

The cells were resuspended in PBS supplemented with protease
inhibitors (see above). 1 �g/ml 4�,6-diamidino-2-phenylindole (DAPI)
was added to the sample before sorting on a FACSDiVa (BD Bio-
sciences) for DsRed� and DAPI� events. Sorted parasites were col-
lected in 50-ml tubes containing 5 ml of PBS with protease inhibitors
and centrifuged at 1200 � g for 10 min. Supernatant was removed
completely, and parasite pellets were lysed in incomplete lysis buffer
as described above for promastigotes.

Excised lesion material was forced in PBS supplemented with
Complete Mini through a 70-�m cell strainer (BD Biosciences). The
material was centrifuged at 1200 � g at 4 °C. The resulting pellet was
resuspended in an appropriate volume of PBS containing protease
inhibitors and loaded onto the discontinuous sucrose gradient, and
parasites were purified as above.

1-D and Two-dimensional Gel Electrophoresis—DTT and Am-
pholytes were added to samples lysed in incomplete lysis buffer to a
final concentration of 70 mM and 2%, respectively. Samples were
mixed for 30 min at room temperature, and non-soluble material was
cleared by centrifugation at room temperature (20,000 � g for 10
min). Supernatants were either used immediately or stored at �80 °C;
the resulting pellet was kept and processed as described below.

To resolve promastigote and amastigote samples via 2-DE, maxi-
mum volumes for preparative gels (corresponding to 240–300 �g of
protein as determined by Lowry assay were applied to the anodic side
of an IEF gel (diameter of 1.5 and 2.5 mm for promastigotes and
amastigotes, respectively). The first dimension gel was loaded onto a
23 � 30-cm 2-DE gel system with a resolution power of about 5000
protein species (25). Gels were stained by Coomassie Brilliant Blue
G-250 (26). All visible protein spots were excised and processed for
MALDI-TOF/TOF mass spectrometry as described previously (25).

The residual insoluble material was washed twice with 9 M urea, 70
mM DTT, 2% CHAPS. After washing, it was centrifuged for 30 min at
100,000 � g at 20 °C. The pellet was resolved in Laemmli buffer,
agitated at 37 °C for 10 min, then boiled for 5 min, and centrifuged
again for 30 min at 100,000 � g at 20 °C. The supernatant was loaded
on a large 15% SDS-PAGE gel.

Sample lanes were cut in 96 slices, and every slice was divided in
four pieces and transferred into a 96-well plate. Samples were
washed three times with agitation for 30 min with 200 �l of destaining
buffer and equilibrated in 200 �l of trypsin digestion buffer as de-
scribed previously (25). The digested dried samples were resolved in
12 �l of 3% ACN, 0.1% formic acid. 6 �l were used for one LC-MS
analysis. The remainder was stored at �80 °C.

1 The abbreviations used are: 2-DE, two-dimensional gel electro-
phoresis; 1-D, one-dimensional; CAI, codon adaptation index; DAPI,
4�,6-diamidino-2-phenylindole; PMF, peptide mass fingerprint; UTR,
untranslated mRNA region; nt, nucleotides; FACS, fluorescence-ac-
tivated cell sorting; HSP, heat-shock protein; NCBI, National Center
for Biotechnology Information.
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Mass Spectrometry—The peptides from excised spots from the
2-DE gels were analyzed by MALDI-TOF/TOF MS using a 4700 Pro-
teomics Analyzer (Applied Biosystems, Foster City, CA) as described
previously (25). After in-gel tryptic digestion peptides were dissolved
in 1 �l of sample buffer (33% ACN, 0.1% TFA) of which 0.25 �l was
mixed with 0.5 �l of matrix solution (�-cyano-4-hydroxycinnamic acid
in 50% ACN, 0.3% TFA) and applied to a MALDI plate.

The genome of L. mexicana is not yet available, therefore protein
identities were assigned by searching the L. major protein database
(version GeneDB_protein_database_090704 containing 8217 se-
quences) and NCBInr (version 20070908 containing 5,454,477 se-
quences). Proteins were identified using Mascot version 2.1 (Matrix
Science) MS/MS Ion Search with combined peptide mass fingerprint
(PMF) and MS/MS information, allowing a peptide mass tolerance of
30 ppm and �0.3 Da for the fragment mass tolerance. A maximum of
one missed cleavage was allowed; oxidation of methionine, N-termi-
nal acetylation of the protein, propionamide at cysteine residues, and
N-terminal pyroglutamic acid formation were defined as variable
modifications in these searches. For identification of a protein within
a 2-DE spot the following identification criteria were used (23). A
protein was considered identified by the MS analysis if at least 30%
sequence coverage was obtained, or in case sequence coverage was
between 15 and 30%, at least one MS/MS spectrum with Mascot
identity combined with mass loss information and hypercleavage
sites (27) was necessary to reach identification status. If sequence
coverage was below 15%, two MS/MS spectra had to fit with the
protein, or one MS/MS spectrum and additional information from
2-DE, e.g. from neighboring spots or pI or protein Mr, was necessary.

Processed slices of the 1-D gel were analyzed by nano-LC ESI-
MS/MS. Peptides were separated on an Agilent 1100 series chroma-
tography unit (Agilent Technologies, Palo Alto, CA). Samples were
loaded onto a trap column (Zorbax 300SB, C18, 5 � 0.3 mm, Agilent
Technologies) and washed for 5 min with a flow rate of 0.02 ml/min
and buffer A (3% ACN, 0.1% formic acid). Peptides were eluted for 75
min using a gradient of 5 min of 3% buffer B (99.9% ACN, 0.1%
formic acid) increasing to 15% buffer B within 3 min and over a
42-min period increasing to 45% buffer B increasing for 5 min to 90%
buffer B onto a separation column (Zorbax 300SB, C18, 3.5 �m/150 �
0.075 mm, Agilent Technologies) with a flow rate of 0.3 �l/min. The
column outlet was coupled on line to an LC/MSD Trap XCT mass
spectrometer (Agilent Technologies). Spectra were recorded between
10 and 68 min of the run in standard/enhanced mode. Precursor
masses with m/z ratio of 200–2200 were allowed. Database search
was performed using Mascot (version 2.1) MS/MS Ion Search. A
peptide mass tolerance of 0.4 Da and a fragment mass tolerance of
�0.4 Da were accepted. A maximum of one missed cleavage and the
same variable modifications as defined above were allowed.

For ESI-MS/MS data analysis, the ion score cutoff was 26, and
proteins were classified as identified either if at least two peptides
with a Mascot score above the statistically relevant threshold (p �
0.05) were found or if only one peptide achieved the required Mascot
score that at least four consecutive y- or b-ions with a significant
signal to background ratio could be determined.

Electron Microscopy—Parasite samples were fixed in 25% electron
microscopy grade glutaraldehyde fixative and processed for trans-
mission electron microscopy as described previously (28).

Bioinformatics Analyses—3�-Untranslated mRNA regions (3�-UTR)
analysis was performed using the oligo-analysis tool (29). The tool
identifies oligomers ranging in length from 4 to 8 nt that are more
frequent within the UTR sequence of a group of co-regulated genes
compared with a set of non-regulated genes. In our case, 51 inter-
genic sequences from the L. major genome were chosen for analysis
of regulated loci. This test set was compared against a random
selection of intergenic sequences from annotated protein-coding

genes on L. major chromosomes 4, 7, 12, 18, 21, 25, 28, 30, and 36,
totaling 2677 sequences. Statistics and significance values were
determined according to Ref. 30.

The 51 regulated test loci (see supplemental Table 3) represented
the 3�-intergenic regions of 35 ORFs for which the respective proteins
were solely identified in amastigote samples by the present proteome
analysis and 16 additional 3�-intergenic regions of ORFs encoding
proteins found to be more abundant in amastigotes by isotope-coded
protein labeling (71). The cysteine proteinase B ORF array was ex-
cluded as synthesis of the homologous L. major ORFs appears not to
be stage-specifically regulated (31). Leishmanolysin (gp63)-encoding
loci were excluded for the same reason because the respective genes
are not expressed in L. major amastigotes (32). For Leishmania infan-
tum, 3�-UTRs of 45 corresponding orthologs were searched for the
presence of the identified oligonucleotide motifs.

To test whether a motif lay within the boundaries of a presumptive
3�-UTR, we predicted putative splice sites of the downstream ORFs
that define the 5�-UTR boundary. The longest predicted 5�-UTR was
chosen, and the putative end of the 3�-UTR of the upstream gene was
arbitrarily set 250 nt further upstream, effectively representing a con-
servative (short) estimate of 3�-UTR length. Splice sites of down-
stream ORFs were predicted with the algorithm developed by Benz et
al. (33) in the form adapted by Gopal et al. (34) using the following
parameters: a minimum length of polypyrimidine tract of 8 with up to
two mismatches but at least six consecutive pyrimidines and a splice
site predicted within the 400 nt upstream of the ATG (34).

Codon adaptation indices (CAIs) (35) were calculated as described
by Carbone et al. (36). Subcellular localization was predicted accord-
ing to Szafron et al. (37). Virtual 2-DE Gel images were generated with
JVirGel (38).

RESULTS

Purification of Intracellular Amastigotes—To date, amastig-
otes have been purified by filtration or by density gradient
centrifugation relying on their physical properties. Here the
latter was combined with fluorescence-activated cell sorting
(FACS) exploiting transgenic L. mexicana stably expressing
DsRed (20). The method uses lesion tissue or in vitro cultured,
infected host cells (Fig. 1A). After homogenization or lysis and
fractionation on a discontinuous sucrose gradient, fluorescent
parasites that concentrate at the 40/60% interphase were
collected. This fraction was further stained with DAPI. The
stained suspension was sorted, selecting for red fluorescent
parasites but excluding DAPI-stained events and DAPI-posi-
tive dead parasites. This effectively created a dump channel.
DAPI-positive material was prominent, indicating that host cell
nuclear material was a major contaminant. Sorted parasites
were finally recovered from the collection buffer by centrifu-
gation at 1200 � g, which separated them further from loose
membrane. The pelleted parasites were directly resuspended
in lysis buffer at a ratio of 100 �l of buffer/108 parasites. We
routinely sorted �2 � 108 parasites in approximately 4 h at
speeds of 20,000 events/s.

This strategy allowed us to obtain highly pure parasites as
demonstrated by cytofluorimetric reanalysis and analytical
electron microscopy on aliquots taken at different steps dur-
ing the purification (Fig. 1B). Of note, the phagosomal mem-
brane was mostly intact after the density gradient but was
non-continuous and broken after sorting. Western blot anal-
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ysis (Fig. 1C) confirmed the depletion of cellular contaminants
(e.g. Lamin) and enrichment of parasite material and retention
of phagosomal proteins (LAMP-1 and Cathepsin) and thus
corroborated the electron microscopy analysis.

Reproducibility was assessed by comparing purification in
three individual biological experiments because yields of
�2 � 108 parasites/sort may not suffice for all proteome
applications. Bone marrow-derived macrophages were in-
fected with axenic amastigotes for 24 h and lysed, and
amastigotes were purified as described above. Parasite pel-
lets were resuspended in lysis buffer, and lysates were sub-
jected to 2-DE. Protein spot patterns were highly reproducible
(not shown) indicating that material purified on individual sorts
can be pooled for analysis if required.

Proteome Analysis—Having established an efficient
method to purify amastigotes from host cells, L. mexicana
pro- and amastigotes were prepared for comparative pro-
teome analysis. Promastigote culture conditions were opti-
mized for reproducible growth, and cultures were harvested in
late logarithmic phase as this population samples a range of
cycling and non-cycling parasites akin to the likely population
structure of lesion- or host cell-derived amastigotes. Amastig-
otes were purified by the described method from non-ulcer-
ated lesions from BALB/c mice and in vitro infected bone
marrow macrophages. Parasite lysates were processed for
2-DE, and in addition, material that remained insoluble in the
2-DE buffer was dissolved in SDS sample buffer and sepa-
rated by one-dimensional SDS-PAGE (not shown) to be ana-
lyzed separately. All visible spots in the Coomassie-stained
gels, i.e. 391 spots from promastigotes and 490 spots iso-
lated from two gels from amastigotes (see supplemental
and supportive information) prepared from infected macro-
phages were excised and processed for MALDI MS/MS
analysis with 74 and 49% success in spot identification,
respectively. Lanes from SDS-PAGE separating the urea-
insoluble material were cut in 96 slices and processed for
nano-LC ESI-MS/MS. Proteins were assigned by database
searches based on PMFs or MS/MS ion search (for spectra,
peptide assignments, and identification see supplemental
and supportive data). The Leishmania genome contains
many tandem arrays of identical or highly similar genes. In
these cases protein assignment to an individual gene copy
was not possible, and operationally PMFs and MS/MS
spectra-derived sequences were therefore assigned to the
respective gene product array. Although the L. mexicana
genome is not yet sequenced, the validity of this strategy
(14) is based on the very high degree of sequence conser-
vation and synteny between Leishmania species (5). In total,
509 Leishmania proteins were assigned. Results from
MALDI MS/MS- and ESI-MS/MS-analyzed samples were
largely complementary because only 10% of the proteins
were identified in both sets (Fig. 2). Compared with the
genome sequence-predicted proteome, a conservative es-

FIG. 1. A, flow chart of amastigote purification for proteome analy-
sis. Macrophages infected for 24 h with L. mexicana::DsRed were
lysed, and nuclei were pelleted at low centrifugal force. The post-
nuclear supernatant (1) was overlaid onto a discontinuous sucrose
gradient, and the parasite-containing fraction (2) was harvested and
sorted by FACS. Gates were set on DsRed�/DAPI� and forward
scatter (FSC)/side scatter (SSC) (gray population). Sorted parasites (3)
were reanalyzed (bottom dot plots). B, analytical electron microscopy
of parasite-containing fractions. Postnuclear supernatant (1) off the
sucrose gradient (2) still contain host cell material (black arrowheads)
that is absent in sorted parasites (3). Black arrows, free amastigotes;
black arrowheads, loose membranes. C, Western blot analysis of
parasite-containing fraction after the sucrose gradient (2) and post-
FACS (3) monitoring the indicated host cell proteins and parasite
antigen. Antibodies used were �-amastigotes (polyclonal rabbit an-
ti-L. mexicana), �-Lamp-1 (clone 1D4B, BD Pharmingen), �-Cathep-
sin D (AF1029, R&D Systems), �-Lamin A/C (clone 14, BD Pharmin-
gen), and �-ERK-1/2 (clone C-14, Santa Cruz Biotechnology).

FIG. 2. Complementary protein sets identified by MALDI MS/MS
and nano-LC ESI-MS/MS. A, proteins identified by 2-DE MALDI
MS/MS and/or SDS-PAGE with subsequent LC ESI-MS/MS in pro-
mastigotes and amastigotes, respectively. In total, 509 leishmanial
proteins were identified (458 and 208 for promastigotes and amastig-
otes, respectively). B, number of identified proteins in different life
cycle stages. 1-DE, one-dimensional gel electrophoresis.
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timate of coverage counting only distinct proteins was
�5.5% for promastigotes and 2.5% for amastigotes. Total
coverage was �6%, and the list of all proteins identified is
shown in supplemental Table 1. Only five spots in the
amastigote sample corresponded to mouse proteins, indi-
cating that contamination with host cell material was �2.3%
(5 of 214; see supplemental Tables 1 and 2). The respective,
identified peptides were assigned to vimentin and vacuolar
ATPase A and B subunits, whereas another set matched
HSP70 chaperones (most likely BiP), and one was assigned
to an unnamed mouse protein.

General Characteristics of Pro- and Amastigote Pro-
teomes—To reveal general characteristics of the protein sets
identified, bioinformatics analyses based on the L. major ref-
erence genome were pursued. These included calculating
theoretical pI and molecular weight coordinates for the data
sets, investigating bias in codon usage, and classifying in-
ferred proteins based on likely function and predicted subcel-
lular localization.

Visual inspection of 2-DE patterns of pro- and amastigote
lysates suggested that relatively more basic proteins were
present in amastigote samples (Fig. 3). We computed theo-
retical 2-DE plots for all predicted ORFs and the gene prod-
ucts identified in our electrophoretic analyses from pro- and
amastigotes (Fig. 4). The genome-derived proteome showed
a biphasic distribution reminiscent of the shape of a lung.
When computing 2-DE coordinates of the pro- and amastig-
ote-derived data sets, a shift in the pattern with more proteins
with higher pI values was noted in the amastigote probe set;
this is in perfect agreement with the experimental data sam-
pling the abundant proteins from L. mexicana amastigotes
(compare Figs. 3 and 4).

At �6% coverage only abundant proteins were detected.
Codon usage was analyzed in this protein ensemble to seek

evidence for translational bias. To this end, a CAI was calcu-
lated according to Carbone et al. (36). This iteratively com-
putes a weight for each codon and an integrated measure for
the whole of the respective ORF, its CAI. CAIs were calculated
for all ORFs predicted from the L. major genome, and these
were ranked on a scale of 0–8292 corresponding to the
number of ORFs, excluding pseudogenes. Next ranks of
genes encoding proteins detected in our pro- or amastigote-
derived data sets were plotted (Fig. 5). The great majority of
the respective genes exhibited high CAI values resulting in
skewed median ranks of 7704 and 7958 (25–75th percentile

FIG. 3. Comparison of 2-DE-separated proteome of L. mexicana::DsRed pro- and amastigotes. Left, promastigotes; middle, amastig-
otes isolated from bone marrow-derived macrophages; right, lesion amastigotes from infected BALB/c mice. White arrowheads point to spots
identified as DsRed, and black arrowheads point to 31 spots only identified in amastigotes; the remaining 14 spots are in the second gel. Black
arrowheads in the proteome of lesion amastigotes point to 26 spots assigned by PDQuest as being identical to marked spots in the 2-DE gel
of amastigotes isolated from macrophages. For enlarged images and spot numbers see supplemental Figs. 1–3.

FIG. 4. Amastigotes contain more proteins with basic pI. Shown
is a virtual 2-DE gel image of L. major (Friedlin) reference genome
ORFs (gray dots), ORFs corresponding to proteins identified in L.
mexicana promastigotes (black dots), and ORFs corresponding to
proteins identified in amastigotes (white squares). The genome shows
a biphasic distribution with an average pI of 7.312 and a median of
6.9817, and it encodes for 50% acidic (pI � 7.0) proteins. The ma-
jority, 80% of protein homologues identified in L. mexicana promas-
tigotes, were acidic in contrast to only 59% in amastigotes; this is
significantly different p � 0.0001 (Fisher’s exact test).
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ranks of 6732–8099 and 7304–8163, respectively) for pro-
and amastigote data sets, indicating highly biased codon
usage.

To analyze likely subcellular distribution of proteins in our
probe sets in comparison with the whole genome, sequence-
based predictive algorithms were used. This revealed that in

the experimental sets, as expected, proteins predicted to be
membrane-bound or secreted were underrepresented (Fig. 6).
In consequence, soluble proteins with predicted cytoplasmic
localization were overrepresented as were proteins with pre-
dicted mitochondrial localization. Of note, the major surface
protein of promastigotes, the glycosylphosphatidylinositol-
anchored gp63 was detected in several fractions but only by
a single peptide in the 1-D SDS-PAGE-separated urea-insol-
uble material (not shown). In contrast, the non-glycosylphos-
phatidylinositol-anchored form, known to be produced in
amastigotes where it is localized in the lumen of lysosomal
structures (39), was detected solely in amastigote samples
(Table I).

The distribution of proteins over functional groups was
analyzed next to determine the representation of these
classes in our data sets and to compare it with a theoretical
frequency based on genome annotation (performed with
Gene DB_Dataset version 5.1; Fig. 7). Predicted hypotheti-
cal proteins were underrepresented in both experimental
data sets (11.5 and 17.1% versus 65.1% in the genome; p �

0.0001, �2 analysis) suggesting that most gene products in
this class are present in low copy numbers per parasite cell.
If hypothetical proteins were excluded from the analysis,
proteins with a role in protein degradation, amino acid me-
tabolism, and purine/pyrimidine metabolism were underrep-
resented in the amastigote data set as were proteins with
predicted but not classified functions (Fig. 7). In contrast,
proteins with predicted functions in respiration, energy me-
tabolism, and response to stress including chaperones were
identified more frequently in the amastigote proteome.

Differentially Represented Proteins in Amastigotes—A se-
ries of prominent spots in the 25-kDa range (pI 5.6 and
higher) and numerous other spots (Fig. 3, e.g. arrowheads in
middle and right panels) were more abundant or solely
detectable in amastigote samples, and we next focused on
the identity of these proteins. In total 56 such protein spe-
cies were detected either in the 1-D gel electrophoresis or
2-DE approach (supplemental Tables 1–3). Proteins de-
tected in the prominent spot series in the range of 25 kDa
(Fig. 3) corresponded to DsRed, the fluorescent marker
protein. This reflects properties of the expression system
driving 7–10-fold increased synthesis in amastigotes (21). In
2-DE analyses, 45 protein spots corresponding to 34 pro-
teins were only detectable in the amastigote probes (exam-
ples indicated in Fig. 3 by black arrowheads; see also Table
I). Although undetected proteins may be present in promas-
tigotes and escape detection because of low abundance,
the above proteins define a differentially represented set
and included cysteine proteinase B locus products, which
are known to be more abundant in amastigotes (40, 41);
proteins involved in fatty acid and energy metabolism; and
proteins with predicted roles in RNA and protein processing
or as chaperones. Furthermore we confirmed results of
previous proteomics comparisons of promastigotes and ax-

FIG. 5. Codon bias in abundantly expressed ORFs. CAIs of all
ORFs of the L. major (Friedlin) reference genome and of ORFs cor-
responding to identified proteins were plotted. x axis, 8292 ORFs of L.
major in ascending order according to CAI value (top). CAI values of
ORFs corresponding to proteins identified in the promastigote (mid-
dle) or amastigote (bottom) proteome are shown; each bar represents
one ORF. The median CAI value of the genome was 0.66308865, for
ORFs constituting the promastigote proteome the median was
0.762384, and for ORFs corresponding to amastigote proteome the
median was 0.790777. The distribution of observed versus non-ob-
served ranks was significantly different in promastigotes and amastig-
otes (Mann-Whitney test, p � 0.0001).
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enic amastigotes of L. mexicana and Leishmania spp. caus-
ing visceral or mucocutaneous disease. These had identi-
fied several protein species of HSPs, �-tubulin, and the
eEF-1� subunit indicative of proteolytic processing. Stage-
specific protein species for eEF-1� (supplemental Fig. 2,
spots 162 and 216) and HSP (supplemental Fig. 2, spot 84)
in amastigotes were also observed here but were not iden-
tical to those reported for axenic amastigotes. Finally seven
hypothetical proteins with unknown function were detected
by 2-DE only in amastigotes (Table I).

Genome Distribution of ORFs Encoding Abundant Pro-
teins—In trypanosomatids, genes are organized in polycis-
tronic units that seem to be constitutively transcribed. Varia-
tion in expression levels of individual polycistronic units could
contribute to differential protein representation, and abundant
proteins may cluster to particular polycistronic units. To ex-
plore this hypothesis, we developed a tool to visualize chro-
mosomal locations of ORFs representing proteins identified in
our data sets and analyzed their distribution. As depicted (Fig.
8) no obvious clustering of genes encoding commonly or
differentially detected proteins was observed. However, a
number of polycistronic units of the reference genome of L.
major did not contain any ORF encoding a protein identified in
our analysis.

Common Signatures in 3�-Untranslated mRNA Sequences
of Differentially Expressed ORFs—Regulatory sequences in
3�-UTRs are known to impact gene expression levels in
trypanosomatids (see Ref. 42). Recently such elements were
identified in genes differentially expressed in trypanosomes
by adapting a nucleotide counting algorithm (43). Therefore,
intergenic sequences 3� of the genes coding for proteins
differentially detected in amastigotes (Table I) were analyzed
analogously. In addition, we included loci encoding proteins
found to be more abundant in amastigotes by quantitative
analysis using isotope-coded protein labeling (71). The anal-
ysis was performed on the respective set of 51 intergenic
sequences from L. major (see supplemental Table 3 for the

respective loci). A random selection of intergenic regions of
30% of all ORFs in the genome served as a control set. The
oligonucleotide sequences AAGAGAA and/or TCTCCTTT
were found within predicted 3�-UTRs in 21 (Table II) of the 51
test sequences; this was significantly different from the con-
trol set (p � 0.0001 and p 	 0.0012 for TCTCCTTT and
AAGAGAA, respectively). Furthermore a comparative analysis
of the respective 3�-UTR of homologous genes in L. infantum
indicated a high degree of conservation of the signatures
between these species. Interestingly the pyrimidine-rich motif
was also found in the 3�-UTR of the L. infantum amastin gene
LinJ34.0840 that we included in the analysis as an experimen-
tally analyzed stage-specific gene (44). In the amastin 3�-UTR,
the motif TCTCCTTT starts 1587 bp downstream of the stop
codon in a region known to regulate amastigote-specific ex-
pression at a translational level in response to the temperature
shift when switching to mammalian hosts.

DISCUSSION

Proteomics may be the method of choice for the analysis of
developmental changes in trypanosomatids, but progress to
characterize the proteome of Leishmania spp. parasites has
been hampered by inadequate methods to separate the in-
tracellular form from host cell material. By combining classic
enrichment by isopycnic centrifugation with subsequent fluo-
rescence-activated particle sorting we showed that intracel-
lular parasites can be purified for direct analyses by proteom-
ics. Purification required a “dump” fluorescence channel
whereby the major host cell contaminants, i.e. nuclear mate-
rial, labeled with a chromatin stain could be excluded. This
improved sample purity critically but obviously at the expense
of yield. Samples purified in this way showed 2–3% contam-
ination with host proteins; this is far superior to what has been
achieved without a dump channel strategy, e.g. with salmo-
nella (45). These host proteins were likely components of the
phagosome membrane delineating the habitat of the intracel-
lular parasite. Inspection of the purified material by electron

FIG. 6. Pie chart of predicted subcellular localization of L. major reference genome ORFs (left) and ORFs corresponding to identified
proteins from this study (right). Proteins were classified by Proteome Analyst 2.5. The program classifies proteins in nine classes (cytoplasm,
nucleus, mitochondrion, endoplasmic reticulum, extracellular, Golgi apparatus, plasma membrane, peroxisome/glycosome, and lysosome).
Proteins predicted to more than one location were classified as ambiguous. Proteins for which prediction was not possible (44% of the L. major
ORFs) were omitted for clarity. Cytoplasmic and mitochondrial proteins were overrepresented (p � 0.0001). Proteins with predicted nuclear
(p 	 0.1411) or Golgi (p 	 0.4739) localization were represented as expected. Proteins with extracellular (p � 0.0001) or plasma membrane
(p � 0.05) localization were underrepresented.
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microscopy confirmed purity of the material and revealed the
presence of phagosomal membranes that were co-purified.
Thus, depletion of non-habitat-associated host proteins may
have been even more efficient, and the approach may allow
investigation of phagosomal components as well.

Exploiting this method, amastigotes were purified from
model host cells, bone marrow-derived macrophages, to
characterize their proteome and compare it with that of pro-
mastigotes. Products of a total of 509 distinguishable parasite

ORFs were identified. This data set confirms the presence of
the majority of proteins reported previously for L. infantum,
Leishmania donovani, or Leishmania panamensis and to-
gether with a recent report on L. donovani (17) extended our
knowledge significantly and brings coverage of the Leishma-
nia genus proteome to �20% of predicted ORFs. This is still
significantly lower than that for proteomics model organisms
such as Bacillus subtilis where �30% of predicted proteins
have been identified (46). Technical bias explains this in part

TABLE I
Proteins identified solely in amastigotes

Sanger ID NCBI accession no. Spot no.a Annotation

LmjF08.0320 245 Mitochondria-associated ribonuclease
LmjF09.0100 10 Hypothetical protein, conserved
LmjF18.0580 169 Peroxisomal enoyl-CoA hydratase
LmjF19.0710 213, SSP_8307 Glycosomal malate dehydrogenase
LmjF21.1710 296 COX6 cytochrome c oxidase
LmjF21.1760 112 Centromere/microtubule-binding protein cbf5
LmjF22.1540 SSP_4801 Alanyl-tRNA synthetase
LmjF23.0370 287, SSP_7006 Hypothetical protein, conserved
LmjF23.0760 164 Mitochondrial RNA-binding protein
LmjF24.1210 SSP_9004 Translation factor SUI1
LmjF25.2130b 160, SSP_8408 Succinyl-CoA synthetase
LmjF25.2140b 160, SSP_8408 Succinyl-CoA synthetase
LmjF26.1550 97 Trifunctional enzyme � subunit
LmjF27.1110 267, SSP_8207 Mitochondrial RNA-binding protein 1
LmjF27.1220 122, SSP_6603 Hypothetical protein, conserved
LmjF27.1300 101, 102 Hypothetical protein, conserved
LmjF28.0490 107 Propionyl-CoA carboxylase � chain
LmjF29.0760 2 Lipophosphoglycan biosynthetic protein
LmjF31.1630b 175 Putative 3-ketoacyl-CoA thiolase-like
LmjF31.1640b 113, 175, SSP_8502 Thiolase protein-like
LmjF31.1900b 289 Ubiquitin fusion protein
LmjF31.2030b 289 Ubiquitin fusion protein
LmjF31.2250 70 3,2-trans-Enoyl-CoA isomerase
LmjF32.0840 40 Hypothetical protein, conserved
LmjF33.0830 98 2,4-Dienoyl-CoA reductase
LmjF33.1630 268 Cyclophilin
LmjF33.2390 SSP_4808 Heat shock protein
LmjF34.3670 312 Vacuolar ATP synthase
LmjF35.1300 SSP_4106 Ubiquitin-conjugating enzyme E2
LmjF36.1160 SSP_6414 Hypothetical protein, conserved
LmjF36.3100 242 ATP synthase
LmjF36.3780 SSP_5302 Hypothetical protein, conserved
LmjF36.4360 151 Proteasome regulatory ATPase subunit

gi�68223993 SSP_5402 RNA helicase
gi�14348750b 223, 225, 226, SSP_0103 CPB2 protein
gi�1749812b 226, SSP_0103 CPB1
gi�886681b 223, 225, 226, SSP_0103 CPb19
gi�1730100b 223, 225, 226, SSP_0103 Cysteine proteinase B precursor
gi�2780176b SSP_0103 Cysteine proteinase
gi�461905b SSP_0103 Cysteine proteinase 2 precursor
gi�9542b SSP_0103 Cysteine proteinase
gi�51317309 41 Leishmanolysin
gi�146077037 90 Stomatin-like protein

a 45 protein spots identified in 2-DE analysis represented 34 proteins solely identified in amastigotes. Spot numbers refer to numbers
indicated in supplemental figures representing gel images and tables detailing identification results. GeneDB Systematic IDs and NCBI
accession numbers are indicated. In bold are proteins involved in carbohydrate, fatty acid, or energy metabolism.

b Proteins that could not be assigned based on identified peptides to a single ORF but to tandem arrays of ORFs. In this case all
corresponding IDs or accession numbers are indicated but were counted as one distinct identification only.
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as current data sets including this study show clear under-
representation of secreted and membrane-bound proteins.
Furthermore our approach to compare life cycle forms mainly
relied on optical comparison of stained protein spots in 2-DE
gels that allows only very limited quantitation (leading to un-
derestimation of the number of differentially regulated pro-
teins) and is prone to underrepresentation of membrane pro-
teins but on the plus side resolves protein species. Optimizing
sample preparation (47), improving analytical procedures (48),
and isotopic labeling techniques (17, 18, 49, 50), however, will
improve coverage and quantitation. This will be important to
complement upcoming metabolomics studies (51) and fill
gaps in models of parasite structure and metabolism.

Technical caveats aside, pro- and amastigote-derived data
sets together are an informative representation of all abundant
proteins and revealed interesting general characteristics and
differences. Analysis of codon usage in these sets provided
clear evidence for translational bias in Leishmania to increase
efficacy of protein synthesis. Given the mainly post-transcrip-
tional regulation of gene expression this may not be surprising
but has not been tested on a similar scale before, seems not
to be a general feature of parasites (52) or unicellular life, and
is not a mere consequence of GC bias (53). Understanding
codon usage bias and its link to translational efficiency will
benefit the design of transgenes to steer expression levels in
these organisms not least because Leishmania is marketed as
a protein expression platform (54).

Amastigotes have to adapt to an acidic environment (2)
where they actively maintain a neutral intracellular pH (55). In
addition, amastigotes were shown to possess a compara-
tively low overall negative charge (56). Here experimental and
theoretical analysis revealed a preponderance of basic pro-
teins in amastigote probe sets that would be consistent with
buffering protons and a change in total charge (although the
latter may be largely due to reduction in polyanionic phos-
phoglycan synthesis). It is tempting to speculate that acidic

environments constitute a selective force fixing mutations that
lead to more basic amino acids in proteins produced by
intracellular parasites. Of note, there is precedent for such a
scenario. The proteome of Helicobacter pylori, a Gram-neg-
ative bacterium that colonizes the human stomach, arguably
an acidic environment, displays a dominance of basic pro-
teins (57) as does the predicted proteome of Coxiella burnetii
(58), the Q-fever agent that like Leishmania spp. inhabits an
acidic, late endosomal/early lysosomal organelle. The shift to
higher average pI is in contrast to other bacteria thriving in
neutral environments (58).

2-DE has the advantage that protein species can be sepa-
rated and visualized. Thereby not only differentially expressed
ORFs were identified but also a number of differentially pro-
cessed protein variants, such as those of eEF-1� (14). It was
proposed (14) that eEF-1� species may have roles in parasite
host cell communication. In L. donovani infection eEF-1�

reportedly activated host cell phosphatase SHP-1 whereby
production of leishmanicidal NO may be suppressed (59). We
were able to confirm several stage-specific processing
events, but in our hands, the amastigote-specific eEF-1�

species of �44 kDa (14) was also detected in promastigotes,
whereas other species of this protein were not. Therefore, the
relevance of these processed forms remains undefined but
could be tested by studying processing-resistant mutant
forms of these proteins in transgenic parasites.

Among the proteins that were more abundant in amastig-
otes were enzymes linked to respiration/energy metabolism
and protein synthesis and proteins involved in stress re-
sponses. Enzymes are particularly informative with respect to
metabolic adaptation to intracellular life, which, for Leishma-
nia, we only begin to understand (3, 51). For example, hexose
import seems critical because transporter-deficient L. mexi-
cana mutants could not survive inside macrophages (60).
However, hexoses may be limiting as amastigotes seem to
require gluconeogenesis to thrive. Disruption of this pathway

FIG. 7. Predicted functional classification of L. major reference genome ORFs (left) and ORFs corresponding to proteins identified
in L. mexicana promastigotes (middle) and amastigotes (right). Functional classification was performed according to the Sanger database
and “KEGG2.” Classifications are shown on the right.
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in L. major by deleting fructose-1,6-bisphosphatase severely
attenuated the parasites (61). It has been proposed that glu-
coneogenesis depends on C2 bodies from the catabolism of
amino acids as Leishmania lack genes encoding key enzymes
for the glyoxylate pathway (61). Thus, hexoses and amino
acids may be the primary carbon sources for amastigotes.

Nutrients are also needed to fuel the energy metabolism. It
is thought that this is mainly covered by fatty acid degradation
as �-oxidation is highly up-regulated in amastigotes isolated
from lesions (51, 62). Consistent with this observation, we
found that several enzymes of fatty acid catabolism were
more abundant in amastigotes, in particular enzymes such as
dienoyl-CoA reductase and trans-enoyl-CoA isomerase in-
volved in degrading unsaturated fatty acids. This was com-
plemented by greater abundance of enzymes of the tricarbox-

ylic acid cycle, e.g. succinyl-CoA synthetase, malate
dehydrogenase, and finally cytochrome c oxidase as part of
the respiratory chain. As these proteins are likely located in
mitochondria, a higher contribution of the organelle to cell
mass would be a trivial explanation for the observed in-
creases, and a corresponding reduction in cytoplasm could
also contribute to the noted overrepresentation of basic pro-
teins (63). However, this seems unlikely as morphometric data
suggest constant volumetric ratios of mitochondria and cell
body throughout the Leishmania life cycle (64, 65). Also our
findings regarding these metabolic adaptations are in good
agreement with data recently published for L. donovani axenic
amastigotes (17). Similar to the latter study, we have initiated
isotope-coded protein labeling to quantitatively assess
changes in protein amount between pro- and amastigotes,

FIG. 8. Screen shot of proteome-to-genome visualization tool. Chromosomes 1–36 are plotted with the predicted 133 polycistronic
clusters indicated as arrows in light green and light gray. Black marks show ends of clusters. Boxes localize individual loci. Purple, ORFs
corresponding to proteins identified in both life cycle stages; blue, ORFs corresponding to proteins identified only in amastigotes; red, ORFs
corresponding to proteins identified only in promastigotes. The visualization tool is interactive: by clicking on a chromosome an enlarged image
is displayed in a separate window. Clicking on a particular ORF redirects the user to the entry for this ORF in GeneDB on line.
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and preliminary data confirm the present 2-DE results (71)2

with a dynamic range much above 2-fold differences when
normalized to cell number. However, interpreting quantitative
proteomics data sets comparing pro- and amastigotes is not
straightforward, and we would like to add a cautionary note.
Protein yield per cell for the smaller amastigote life form is
roughly half of what is obtained per promastigote cell. Thus,
by normalizing to the total amount of protein, one compares in
fact two amastigotes with one promastigote cell. Increases in
histones and enzymes within a 2-fold range may merely re-
flect this ratio. The task, for example for histones, to wrap the
genome remains constant, and therefore a 2-fold increase is
expected. Similar caution is required for interpreting enzyme
levels as the flux of metabolites per cell is likely to be the same
if a 2-fold increase is observed in amastigotes. Thus, it will be
important to define internal standards for normalization to
interpret quantitative changes in particular proteins, and cur-
rent conclusions may have to be reassessed.

Interestingly proteins with predicted RNA binding activities
were among the newly identified proteins solely detected in
amastigotes. RNA-binding proteins play an important role in

regulating gene expression in trypanosomatids (42, 66, 67).
Differences in RNA-binding proteins between life cycle stages
are consistent with this view. Because we detected two pre-
dicted mitochondrial RNA-binding proteins differentially in
amastigotes, this concept may extend to expression of mito-
chondrial genes also. RNA-binding proteins involved in regu-
lating gene expression are thought to recognize sequence
motifs in the 3�-UTR and are also implicated in modulating
translation efficiency (42, 66, 67). Recently oligonucleotide
counting was used to identify regulatory motifs in 3�-UTRs of
Trypanosome genes (43). By analogy, we assumed that the
set of proteins detected primarily or solely in amastigotes was
in part regulated by RNA-binding proteins binding to se-
quence-specific motifs. We therefore adapted the oligonu-
cleotide counting approach, and this identified specific short
sequences within the 3�-UTR of several of the corresponding
ORFs, and these motifs seemed conserved between the
Leishmania species tested. Of note, these motifs were present
in an experimentally defined regulatory region of L. infantum
amastigote-specific amastin 3�-UTR (44). In this case, the
regulatory region reportedly increased translation because
abundance of mRNA encoding a reporter gene was not af-
fected by the presence or absence of the region containing
the motif, but protein levels were. The amastin regulatory

2 A. Freiwald, D. Paape, M. Schmid, T. Aebischer, and P. R. Jung-
blut, unpublished data.

TABLE II
Sequence motifs in 3�-UTR characteristic of differentially expressed ORFs

Shown are Sanger IDs of L. major loci that encode gene products homologous to the 51 differentially expressed proteins detected in L.
mexicana amastigotes and in which the predicted 3�-UTR contained one or both of two sequence motifs (denoted by x) that were significantly
more frequently present when compared with a large control set of 30% of the genomic loci. For a list of all 51 loci in L. major and 45
homologous loci in L. infantum analyzed see supplemental Table 3. In 67 and 64% of cases, respectively, the motifs TCTCCTTT and AAGAGAA
were at the same relative position within the predicted 3�-UTRs. In bold are proteins involved in carbohydrate, fatty acid, or energy metabolism.

L. major L. infantum

Sanger ID Annotation
Motif

Sanger ID
Motif

TCTCCTTTa AAGAGAAb TCTCCTTT AAGAGAA

LmjF09.0100 Hypothetical protein, conserved x LinJ09_V3.0120
LmjF19.0710 Glycosomal malate dehydrogenase x LinJ19_V3.0710 x
LmjF23.0370 Hypothetical protein, conserved x x LinJ23_V3.0420 x x
LmjF23.0760 Mitochondrial RNA-binding protein x LinJ23_V3.0930 x
LmjF24.1210 Translation factor SUI1 x LinJ24_V3.1240 x
LmjF25.1420 GTP-binding protein x x LinJ25_V3.1460 x x
LmjF25.2130 Succinyl-CoA synthetase � subunit LinJ25_V3.2220 x
LmjF26.1550 Trifunctional enzyme � subunit x x LinJ26_V3.1530 x x
LmjF27.1110 Mitochondrial RNA-binding protein x LinJ27_V3.0980 x
LmjF27.1220 Hypothetical protein, conserved x x LinJ27_V3.1100 x
LmjF27.1300 Hypothetical protein, conserved x x LinJ27_V3.1220 x x
LmjF28.2770 Heat-shock protein hsp70 x x LinJ28_V3.3060
LmjF28.2780 Heat-shock protein hsp70 x LinJ28_V3.2960
LmjF32.0840 Hypothetical protein, conserved x LinJ32_V3.0890 x x
LmjF33.0830 2,4-Dienoyl-CoA reductase x LinJ33_V3.0870 x
LmjF33.2390 Heat-shock protein x LinJ33_V3.2520 x
LmjF34.2580 Hypothetical protein, conserved x x LinJ34_V3.2410 x x
LmjF35.1300 Ubiquitin-conjugating enzyme E2 x LinJ35_V3.1310 x
LmjF36.1160 Hypothetical protein, conserved x x LinJ36_V3.1220 x
LmjF36.3100 ATP synthase LinJ36_V3.3250 x
LmjF36.3780 Hypothetical protein, conserved x LinJ36_V3.3970 x
LmjF36.3990 hs1vu complex proteolytic subunit-like x x LinJ36_V3.4180 x
LmjF36.4360 Proteasome-regulatory ATPase subunit x LinJ36_V3.4570 x x

a p � 0.0001 by �2 test for the indicated motif.
b p 	 0.0012 by �2 test for the indicated motif.
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region is thought to belong to a large family of degenerate
retroposons (68). Intriguingly and consistent with the idea that
such motifs may identify regions that affect translation, we
found no correlation between ORFs encoding proteins pres-
ent at higher levels in amastigotes and ORFs identified as
up-regulated at the mRNA level by microarray analysis of L.
mexicana lesion-derived amastigote mRNA (8). Thus, our pro-
teome data sets are likely to prove useful in revealing regula-
tory properties of non-translated mRNA regions, and theoret-
ically, the elements may provide a novel, additional feature to
predict differentially translated mRNAs throughout the
genome.

Although Leishmania gene expression is regulated mostly
post-transcriptionally, microarray analyses showed that
steady state transcript levels vary between different ORFs
over a range of �2–3 orders of magnitude (8). Because genes
are organized in polycistronic units in these organisms, we
tested whether ORFs contributing to the abundant proteome
may be clustered in particular polycistronic units that could
indicate higher transcription rates for the respective units and
possibly a novel feature of genome structure. We developed a
visualization tool that projects proteome data onto the ge-
nome map, and this showed that ORFs encoding the abun-
dant proteome as defined here are not clustered. For a num-
ber of polycistronic units of the L. major genome, no gene
product was detected in the abundant proteome. We cannot
distinguish at present whether this reflects blocks of genes
absent in L. mexicana, low transcriptional activity, or other
reasons as most units that were not represented in the pro-
teome contained less than 44 ORFs. At a coverage of 6% we
may simply have missed them for probabilistic reasons.

In summary, a novel colored approach to purify intracellular
Leishmania parasites has been developed and used to com-
pare the proteome of pro- and amastigotes of L. mexicana.
More than 6% of predicted gene products were identified.
Analysis of differentially represented proteins in the amastig-
ote proteome confirmed current views on metabolic adapta-
tions to intracellular life. Bioinformatics analyses revealed ev-
idence for codon adaptation in Leishmania likely to increase
translation efficiency of mRNAs and sequence signatures in
3�-UTRs that may be associated with translational control of
gene expression. Importantly the presented proteome data
sets comprised all L. mexicana homologues of vaccine anti-
gens that have been tested to date with promising results in
diverse models of experimental leishmaniases (see sup-
plemental Table 1). Although secreted and surface mem-
brane-bound proteins are underrepresented, the present en-
semble provides a unique resource, e.g. for selecting novel
vaccine antigens as protein abundance is an important pa-
rameter for protective vaccine antigen selection (69, 70).
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